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INTERACTIONS OF INTENSE INFRARED LASER BEAMS

WITH TRANSPARENT SOLIDS
by

P. Braunlich, G. Bryant, A. Schmid and P. Kelly

Abstract

In order to investigate beam deformation and depletion at very high
photon fluxes, a computational procedure has been'developed that is suitable
to simulate the propagation of intense beams through transparent solids.

It was applied to NaCl exposed-to a FWHM 21 psec pulse from a frequency-
doubled Nd-YAG laser (A = 0.532 um). The energy content of this TEMOO—

mode pulse is equal to the experimentally determined single-shot damage
threshold of this material. The most convenient mode of data display was
found to be a motion picture showing the propagation of the pulse, represented
as a colored contour map of the local photon flux, through the focal region.
Similar displays of the spatio-temporal development of the free carrier con-
centration have been made. The material-laser photon interactions in these
calculations were based on the two main laser damage mechanisms: avalanche
ionization and multiphoton-polaron absorption. The most significant result
of these investigations is that, according to both models, beam deformation
prevents the build-up of a sufficient photon flux in the interaction area

to cause damage at this pulse energy. This means that either both damage
mechanisms do not explain the best experimentally available data or these
data are extrinsic rather than intrinsic features of the material.

Spherical aberration of the focusing lens as a possible cause for the
laser damage morphology observed at threshold in NaCl has been discussed

as well. Independently, the response of single-cryvstalline permanium




exposed to intense pulses of 0.45 eV photons was theoretically studied.
Quantitative calculations of the relevant multi-photon cross section for
free carrier generation and of the dielectric response function have been
performed. These results have been coupled with a model, taken from the
literature, which describes the resulting changes in the energy distribution
of the electrons, holes and both acoustical and optical phonons. These
studies represent the first detailed theoretical calculation of the laser

damage threshold of germanium at this photon energy.
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I. [INTRODUCTION

Exposure of transparent materials to intense laser beams Induces
changes of their optical properties (conveniently expressed in terms of the
dielectric function €(w)). This in turn influences the photon trajectories
of any beam whose intensity profile is not uniform. The mutual interaction
of the photon field and the solid is very complex. The majority of attempts
to calculate the spatio-temporal field distribution in a transparent solid
having a field-dependent dielectric function are essentially based on solutions of
Maxwell's equations.(l) In these calculations it is commonly assumed that
the linear refractive index simply increases by n2E2 in the presence of an
optical field of rms field strength E. Values for the so-called
nonlinear refractive index n, are taken from measurements (e.g. Smith(z))
or independent calculations. The most pronounced effect produced
by the term anz is self-focusing of laser beams having, e.g., a Gaussian
intensity profile (TEMOO mode). A characteristic feature of these field
theories of beam deformation is a singularity of the field strength in the
focal waist. As a result, the distribution of the rms optical field strength
cannot be determined in the space behind the focal plane. Attempts to do

80 1avariably violate the law of conservation of energy.(J)

Little if any work has been done on beam deformation due to the
reduction of the refractive index caused by the production of photo carricrs

. 4
in the intense photon rield. Mulcipheton absorption or electron

(2

(4,5) (4,5,5)

impact ionization of lattice constituents are mechanisms for the zenera-

(M (8)

tion of free carriers. Experimental as well as theoretical evidence

21 -3 .
exists for free carrier concentrations to reach up to 10 cm at photon
fluxes corresponding o tne dieslectric breakdown threshold of the solid.

] : ; t . P - P N S
It is lixely that :this necative centribuzion fo the retracilive ladeX oo iins
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to dominate anZ already at concentrations around 101/ cm-3 or les§ in
alkali halides exposed to short laser pulses of optical frequencies.(é)
This clearly indicates that beam deformation (self-defocusing) via a
reduction of the refractive index is quite poussibly occurring at power
densities well below the laser damage threshold. A better understanding
of this phenomenon is clearly called for in view of the fact that, during
the operation of high power lasers, power densities approaching and--all
too frequently--exceeding the damage theshold of exposed optical materials
must routinely be handled. In addition to these largely economical

reasons, unknown self-focusing and defocusing effects prevent, for example,

the exact measurement of the damage threshold of a transparent solid that

is subjected to a short laser pulse. Such experiments are commonly

executed by tightly focusing the laser beam into the bulk c¢f the sample.

Since it is impossible to directly measure t:: photon flux in the focal

region, it is calculated on the hasis of diffraction-limited optics, corrected
(2)

in first order for self-focusing only. Photon-induced beam deforma-

tion caused, e.g., by negative contributions to the refractive index, has
so far never been considered in any detail in the context of laser damage.(g)
An exception is an interesting piece of information on the importance of
beam deformation that was provided by Danileiko, Manenkov and Sidorin(lo)
who tried to damage Gz= at A = 2.76 uym and A = 2.9% ym with nsec pulscs.
These workers did not succeed because ot, as thev speculate, {ree-carrier
induced beam selt-defocusing. No specifics were given.

A further aspect of beam deformation are spherical aberrations caused
by the focusing optics used in typical laser damage experiments. The peculiar

damage morphology observed at damage threshold(ll) was suspected to be in
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part due to this effect. Preliminary calculations by Danileiko et al.( 2)

indicated that strong spatial intensity oscillations can occur if lenses
with residual spherical aberration are employed. We have performed a
detailed study of these effects (see Chapter IV) and concluded that the
spacing between the obtained intensity peaks does not correspond to the
observed spacing between damage sites in the focal volume along the laser
beam axis. Yet, a considerable reduction in the peak photon flux may occur
in lenses with slight aberration and, thus, influence interpretation of the
damage experiments. It was the goal of the work performed under this con-
tract to comtribute toward our knowledge of the interaction of intense
laser beams with nominally transparent optical materials. The approach

chosen to achieve this is outlined in the following section.
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IT. RESEARCH OBJECTIVES AND APPROACH

The purpose of the work carried out under this contract was to
theoretically study several aspects of the interactions of very intense
laser pulses with solids. Emphasis was to be placed on infrared photons
and infrared optical materials.

In particular, we have investigated the changes of the dielectric
response function due to these interactions and the resulting deformation
and attenuation of the laser beam. Aberration effects induced by spherical
focusing lenses have been discussed as well.

These goals required to not only consider the temporal (dynamic)

characteristics of the photon-solid interactions but also to include their
spatial variations. Spherical aberration was studied within the paraxial
approximation of the wave equation, excluding any non-linear interaction
effects such as self-focusing, in an attempt to interpret the peculiar

damage morphology observed in the focal volume of the laser beam at threshold
peak flux. The nonlinear aspects of the photon-induced changes of the
dielectric function required the adoption and development of a special com-
puter code "PULSE". It became operational in the first contract period

(Aug. 1, 1978 - July 31, 1979) and was first tested and refined by simu-

lating the classic experiments by Smith et al.(ll)

who focused a 21 psec
FWHM pulse at 0.532 pym into NaCl and determined the damage threshold. A
motion picture of this damaging pulse, traversing the focal region of a
2.54 cm focal length lens inside NaCl, was deposited at AFOSR. Since then
we have included beam depletion in the code and refined the attainable

spatial resolution. We applied it to a comparison of beam deformation as

obtained under the above mentioned conditions within the avalanche ioni-

: . () ) .
zation mechanism and the multiphoton-polaron absoption model ot laser

damage. The results are discussed in Chapter I11.




The developed computer code is based on a particle-in all method

(13)

originally used by Dudder and Henderson. It is designed to simulate
the complete spatio-temporal behavior of a short, intense pulse that is
focused into an optical material, independent of the physical mechnisms
responsible for the photon-induced charges in the refractive index and the
temperature of the exposed solid. Thus, the code is sufficiently flexible
to accommodate any flux, wavelength, material and temperature dependence
of the dielectric function, any possible mechanism of electronic excitation
of the solid (such as multi-photon photo-carrier generation, avalanche
ionization and the like) as well as various conceivable mechanisms for
converting energy of the photon field to excited electron and phonon dis-
tributions and ultimately, to an increase in the lattice temperature. A
description of "PULSE" is given in Attachment A. The procedure used to
incorporate beam depletion is discussed in Chapter III.

As stated above the calculations of beam deformation at the wave-
length in the visible were performed mainly to test the computer code and
to demonstrate the feasibility of the chosen computational approach. Diffi-
culties associated with singularities in the focal waist or with energy con-
servation, characteristic for the theories based on solving field equations,
clearly do not occur in our case. We have, for the first time, simulated
the rather dramatic break-up of the laser beam expected under the chosen
high-power conditions (the energy content of the pulse simulated corresponds
to the so-called single-shot damage threshold which has been shown to be

well-defined in NaCl(ll)

).
In order to apply the developed computational method to materials

and lasers of interest for use in the infrared region of the electromagnetic

spectrum, it was necessary to establish the mechanism of photon-induced

material modifications for this case. Quantitative information on cross




sections for free carrier generation, photon absorption by free carriers
and, most importantly, for the calculation of beam deformation, on the
photon-induced changes of the dielectric response function is required.

We have approached this problem by initially selecting single-crystalline
germanium as a typical infrared optical material that is exposed to an
intense beam of 0.45 eV photons. Calculations of the involved multiphoton

(2)

absorption cross section o (two-photon absorption), as well as of the
dielectric function have been performed for this case. They are discussed

in Chapters V and VI of this report.
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CEFORMATION OF INTENSE LASER BEAMS TIGrTLyr FOCCUSE
A COMPARISON OF THE MULTIPHOTON-POLARON AND AVALANCHE “00Z

[

P. xelly ang J. Ritcnie
Nationai Research Council
Ottawa, Canada <1AGS]

and

?. 8raunlich, A, Schmid, and G. W. dryant
Oepartment of Physics
Aashington State University
Pullman, Washington 99164

Computer simulations of the interaction of intense picosecond laser pulses (* = 532 nm)
with NaCl in tne focal volume of a 2.34 cm focal length aperration-free lens 1ndicate tnat
sewere beam deformation may take nlace at photon fluxes corresponding to the singie-snct
damage threshold measured unger tnese experimental conditions. Tnis deformation 1s tne
result of a change in the dieiectric function ~nicn, in turn, is caused Dy *ree carriers
gemerated via multiphoton-assisted avaiancne ionization and/or multionoton agsorpticn.
Strang self-defocusing prevents iccal onoton “luxes from reacning values reguired td raise
the lattice temperature surficiently for damage to occur. We conciude that eitner 20th tne
avalancne ionization as well as the muitiphoton-polaron apsorption mecnanisms of jaser Sreak-
down are invalid in tneir present fcrm or that the experimentaliy determineg damage tnresh-
olds do not pertain to the intrinsic properties of NaCl.

{2y woris: Avalanche breakdown; Beam deformation; Beam depletion; Free carrier absorntion;
MuTsichoton absorption; Polaron absorption.

1. Introduction

A build-up of very large free carrier concentrations (1018-1020 cm'3) during the interection of
intense laser pulses with wide-gap optical materials is thought to be a prereaquisite for damage

Y
occurrence according to all models of laser breakdown proposed so far [1,2].' Recent reviews of this
subject were given by Smith {3] and Brawer [3]. Two basic modes of carrier generation are 1nvoxea:
avalancne ionization of valence electrons after multipnoton generation of so-callea starting eiec-
trons [5,6] and muitipnhoton ionization {1,7].

The changes of the dielectric function
z{w) = ey *+ ey

and the ensuing deformation of Zaussian beams, associated with high carrier Zensities, nave been dis-
cussed by Yablonovitcn and £loembergen ;5] based on a simple Orude mooel of conductivity ang “ree
carrier absorption, ang by Scnmid et al. (2] who retain tne Drude conductivity “erm for -, anc
repiace the phenomenological free carrier absorption contribution to :,. by free-eiectron--acoustic-

pnanon itnteraction. Jetailed calcuiations of the spatio-temporal €lux gistridution In tne <“ccal
volume of an aberration-free lens in Nall on the basis of the latter mecnanism inc 2n tne .iliproton

ionization-polaron absorption modei 2F laser damaje nave Deen presented Oy teliy et ai. o . levere
beam setf-defocusing and even Deam Oreak-up was Snown to take place Iie %2 tne rree-Cicrter 1niuced
requction in the refractive index. 3Seam lepietion, assumed 0 0e 3mail, ~as neadiected. Tnese Caicu-

lations were performed in an atiemot to expidain the damage morpnoiogy nbDserved Sy ' in and
coworkers [9] as a possibie conseguence of the comdined effects of seif-*ocusing via n.i”~ era self-

defocusing. -+ere n, is tne nonlinear refractive index and £ the rmg *ielg strenqtns of the urtical
pnoton field. -

“he rnaracteristic gamace vestlaes of about [ _m diameter and 1J .m spacing aicnc “ne ed” 3x1s,
abserved at damaqe tnresnold ang descriwed in reference {91, could not 2@ 3i-uiated dv Trase el
zaicuiations, guite 00ssidbly aue o insufigtert s3atial rasoluticn. noTntg loAnecttan Lot T
intecest to note trat 3 recent I15CUSSIDN 5T aperralion erfects Jn tre tlux IIsUron.iign ta tte ol
volume o7 3nort Focal tenqtn 'enses <O.Lil1 nCl AceoLAt Sar cne amaze torongloay edtrer Dl oren
ot al. [3) zelieve tnat 'ocal statistical variations 0F he dansit: v starting eieCtenes jre tte
reiscn “or tne 13amage mMicrosites.  ney 31sCOuNt any errects CF Tree carriers 9N tne tejeciril o cun
tion and -onsider only sel*-focusing. A calguiation dv inese autnnrs 0f tne Zpdtid: e-ger

tributicn, i.e. the crystal volume 1nside an eilidsoidai isotemperatur® Surtace ~ = 7, FEEEREPREIRN

is tnpe mejitinag noint of Nall) amnd its apparent coincirience witn 3 severely Jatiaces »olton 1n tna 5l
volume af the laser beam, is taken as one 0f -everii :mporrant clues fOr tne J3ildiTy Jr Ire d.4:47C7e
mogel of laser breakcown {3]. levertneless, in li3nt o+ earlier niscussions of ine muit:arotan-

assisted avalancne 7odel which indicated that the free carrier density may reacn [ R B - Tt
second Suises at damage thresnold s, 4 detailes corputation of seir-Jetocusing zased on tre dva-

lanche model was clearly desirapie.

We nave 1ipplied the computer cud.  FULZE,” developed by reliv et ail. 31, wo *uvs crotier ang
also recalculated the Tyltipnoton-polaron Zaye, decause recent 1HMProvements N the L)Ue now ACidunt
fully for beam depletion. Tnus, direct -ompArison af 20LN Jardce mecnanisms 15 gossivle.  “re

l THAPES 1N Tracket, Angtcgte tUe T1terynLre cecorercey gl the gl Lt tar arer




adbtained results are remarkable: netther cf the two basic models of laser-1nauces dreardlwn Dredics
damage at the experimentally cetermined threshold because or very pronounced self-iefocusing.

2. Mogels of Optical Sreawxdown

The details of the avalancne lonization mocel (3.4,5,39] and the multipnoton-nolarsn adbsorntion
nodel i2,7] of laser breakdown are availadle “rcm the literature. Tnree asjects T tne HNOten 'roers
action with optical ~aterials are Consicered in tnese mod2)l calculations. They concern tne Tecnan-
isms of carrier generation ana tneir effects on tne glelectric function ana on iattice neating.

Carrier generation

In NaCl!, exposed to 532 nm pnotons, the density, nc, of free carriers in the conguction bang
changes according to
e S 2
c ic v

in the avalanche model. The second term in eauation (2} supplies tne imitial electrons. rHowever,
avalanche ionization quickly provides the majority of carrters [9]. Its rate is given by

Tog .; = 1.58 log E * 8.52 . 3

Here £ is the rms electric field strength in'units of MV em™' and - is the avalanche tonization rate

in sec". Only multiphoton carrier generation 1s retained in the multipnoton-polaron mogel. Al
symbols and parameters used above and from nere on are explained in table 1.

ii) Lattice heating

In the avalanche model, lattice heating is obtained from the Drude-type conductivity. The
energy absorbed per unit time and vaolume 1s
cof = nede em(1 + 22 (4)
0 c
The detailed mechanism by which electrons gain energy from the photon field is often referred to as
inverse Bremsstrahlung.

According to Pokatilov and fFomin [11], “dressed” electron (or polaron)-phonon scattering with
instantaneous relaxation of the excited carriers tack to the lower edge of the conduczion band 1s
taken as the mechanism by wnich energy is gainea dy the lattice in the multipnoton-polaron modei 2.7
It has a cross section :p and yielas

coaT 2 chﬁu . {5)

Beam depletion is accounted for by subtracting the appropriate numper of photons in all orocesses

. ; ; . , L . . 1
involving the absorption of pnotons. While this is straigntforward for processes 1nvolving :'-  arg
’p' the absorbed number of pnotons per unit volume of cry:tal materials in tne avalancne 10n1zation

process is calculated from the energy jained by the lattice according to equation !¢, Iagetner witn
the energy required to produce an increase in nC gquring a small time interval wnich, cnosen *or cam-

putational convenience and the desired numerical accuracy, was .t = J.03489 psec.

11i) The dielectric function

Having independently accounted for absorption as uescribed above, only changes in the
refractive index, n, need be considered:

- -y,
1. /ﬂr—-~r~|/2
Nz ogpie, 2T o6 Y + naE
S BN 1 2
“he real and 1maginary narts cf tne drelectric function (eq. 1) are *aken ¢rom tne ruge nocel ar “vem

more accurate calculations nf <he polaron conductivity In the gresence of Colilsions #1tM1 aC3usIC
phonons [2).  The self-rocusing term n.I” 15 adgeq phenomenologtcally. “or ldck ot -ore 2recise

1nfIrmation, ~e nave SIMpiy Chosen the Jrude expressions for ail caicylations ddsed on the avalancne
model :

ot ng[l - 4~e2:2ncjmn§ . ':“:‘]
and
e 2.2

11 F 4re -nc/w (v« =%
The value for the collision vime - 15 st1ll subrect t) much lebate 3. we used the st recent ine
avarlable, stated by Zrawer 74} to e ] r%; i3 gec, because 't 1s also consitlent witn ‘re
croice ¢ T :n ., made in eariier caléula:ldns or Mwitiphoton polaron lamate 7. AN papres.
sion Dy fGurevicn =% ;f‘ 15 34341n taken ‘or T Ctots stated n reterenge ..

>
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3. Jeam Jeformation

Seam deformation is @ consequence Of tre Aonunitorm beam frorile (e.7. 4 3dusilan: and pnoton-
ingucea local cnanges of the rerraclive :ngex. TULIIT was nevelozed to simulate

thne camolete spatio-terporal benavicr of tnort 3§ travernie ;o ontical tatertais

sesignea to be applicadie ror anv conceivebie AT i aser neam crotile 4nd bedn chane A, o,

Into the material), naterial distrioution .e.:. unitorm or lasereg, -aterials witn re-raglive
interfaces, c¢lad cotical fibers and clatiris on sudsSir2tas,. Tne arsicular expericenta: arrancement

simulated 1n tne Jresent work IS Scnematicalls snown in tigure J. L0 represents tne Configuration
employed by Smith et al. (9,12 1n their stugies of the lamage tnresnoids n alkai naiices at
L= 532 nm.  The FWHM pulse fengtn 1s 21 psec.

s
In the model of the pulse, tne energy is carried oy 107 macroscopic "photons” of !0]] angtons

each whose trajectories are foliowed tnroucn the meaium (13]. 4 Jaussian, clipped at tne | e” .alues
of the peak flux profile 1n ragial direction ang in t;me, 1s attritutea to <ne p.lse ang zotn, tne
pulse and the megium, are considered rqQtationally symezric. Thnese 'nnotons” are 1nrected 'nie tre
solid with an approgriate 3roup velocity %0 mimic refraction on tne soliz interface and "0CuSING Dy
the external ¥ = 2.54 ¢m lens., n %he apsence ¢7 nonlirear cnoton-naterial interacticn, “he *acd.
spot is located (.J ¢m nenind the interface atr-idali. 3gprooriate eduation of mat:on Sneli's law of
refraction and cranjes in qroup veiocity) of eacn 'onatan’ dre solved S0 *ind the changes 1n 1irec-
tign, group velocity ama total pnoton comtent .correction for abscration). Simulianeously, ‘ne
material rate equdations (2-3; dre solved 0 Jetermine ngex n ang temperature [.  This 1S acnleved Oy
treating all eaquations as rinite Jifferences equations ~ith a time step _%. FOr This n.ropse tre
interaction vplume is divided into ceils ¥arming tne gr1g scnematicaliy deoicted 1n *t ure 2. Tne
cell size Jseg 1n the oresent calculation s Ir = 9.9 _m 1n radial direction ang .. = 7 .7 in <re
direction of deam propaqation along the axls. The time step cnosen 15 .t = D.03359 psec. A notal of
30 cells in -adial ana 10C in x-direction form the grid. Further detaills of "PULSE' are given 1in
reference 13.

Selected flux distributions obtained from both models are presented in figure 3. They show the
passage of a 21 psec pulse througn the ‘ocal region in ‘aCl in successive time steps 0f 220 _tU .see
indication on the right side of each picture). The peak rms field strength of this pulse 1s

12.7 MV/cm which corresponds to tne measured damage thresnold [3,12]. “ne numpers an the left sige
and on the x-axis indicate dimensions tn .m. The ‘expeczed” locatl:on ¢f the focal spot is at
(F,r) = (2000 .m, Q. The direction of the peam is from left to rigni. ~he color zoce ‘or tne local

photon fluxes is jiven in table 2. Severe beam geformation, particulariy nast 7ne p ane Inrcugn ~
perpendicular to the beam axis, is obvious for dotn moceis. Yet, tne details are 31stinctlys ar1€*erent
This feature is interesting because 1t poInts to possiIdDiIlities of discriminating Detween the two
models of laser damage. Ffor exampie, the time-inteqrated spatial flux gistribution in a piane past
the focal voiume could De measured and compared witnh caiculations.

The spatial distribution of the carrier density n. at t = 1200, -t = 41.9 psec arwer arrival of

the pulse at (¥,r) = 1500 .m, 3} is snown :n figures 4 and 5 ana the coior code 1s Jtven n -able J.
Clearly, the spa%tal gradient Of “he refractive InJex asSOCaled WITD $uCn A 31$Tridulion 15 respon-
sible far the obsurved beam-scattering awdy from the center of the focai voiune,

The spatio-temporal evolution of the lattice temperature 7 was monitared 45 w~eil. -emarxadly,,
it did not increase more tnhan 4K above the 'nitiai temperature of I.0n 3T any 301N% n tre Trreraction

volume for either one of tne two —0deis. Thu$, lamage oelleves <0 De The resuit 5% rip': a~rerit e
ptle-up, approacning the melting coint 7, = 1074 «, 15 grevented in tne 3iscossed dase “ir wnicn
breakaown was observed 1n the experiment by Smith et al. [3,12). Tnis may anly ce avgigines as

follows:

i) Neither one of the two models of laser damage d0eS acCOuNT *ar nNe -edas.ves 13731k [13%3 51 .-
lated here, and quite possibly, for ali other classic experiments 1n 31 vl “dilles ar'u” "J.@ ee
used as the basis for the establishment mainly of tne avalanche model, or

it} not the intrinsic _damage properties 0Of tne -aterial nave Deen Jbservec T tne —.lertcers
performed by Smith et al. [3,12], dut some extrinsic “eature causec <ne =ateriai “-

intense photon field of tne laser puise.

Twe avenuas Of €urther vesearcn nave to de odurssed 3 resulve tnrs iy
cerns the improvements of tne present models. For exdmpie, primary ferect
shown to drastically i1nfluence tne n1netlils 0F Lre rocesses 3icurr na

{n particular, the 1ensities 0f fres carriers ~equired ar 2regetgwn *C Je Inct
arder of magnituce smaller %nan those odtained when <ne Znotacresical reac’tin
defects, are disregarded as was %he ~<3:;@ '~ “ne oresent investiiation.  Tre e
tion of i7proved wide 4D MALEriais NS INR TerFormdnce 3t new evDertment; in an 1ntempt L3 eeee -
7entally observe true iNtrinsic Dreakdcwn srenomena.
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Table 2. Color code for the photon flux
{phot. cm'zse:']].

(]027
,027
27.5

28

Black
Wwhite
10

10
1028.5

29

Blue
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10 Yellow

]029.5
30

Magentﬁ

10 Cyan
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Lpercent of valence electrcn
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<107?

Jlack
1075 white
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} rellow
Magenta
“yan
Jlue

10 sreen
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Figure 3. Photon flux distributicns at various times (in multiples of At

as indicated at the riaht of each frame) in the focal volume. The pictyres

in the left column were obtained from the avaianche model, those in the richt
column from the multiphoton-nolaron model. The color code is given in table 2.




Figure 4. The spatial distribution of the
free carrier concentration reached at 4.19
psec = 1200 x At by avalanche ionization.
The color code is given in table 3.
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Figure 5. The spatial distribution of
the free carrier concentration reached
at 41.9 psec by multinhoton isnizaticn.
The color code is given in table 3.
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IV. The contribution of spherical aberratioas to the

vestige structure induced by laser damage

Garnett W. Bryaant and Ansgar Schmid
Departaent of Physics, Washington State University

Pullman, Washicgton 99164

Abstract

The contribution made to the prcpagation of a Gaussian pulse by the
spherical aberrations introduced by the lens used to focus the beam into the
test sample is considered as a possible explanation of the multi-vestige

structure observed in laser-induced danmage of transparent materials. The

paraxial approximation for the wave equation is used to determine the inten-
‘gity of the pulse on the beam axis when the aberrations cre presenc. The
inclusion of spherical aberrations modifies the form expacted for a diifrzc-
tion limited Gaussian bean, saifting the main peak in intensity away f{roz the
focus and suppressing it. More importancly, oscillations are intrcduced in
the intensity prior tc the focus. Although the spatial arrangement of the
peaks in the intensityv appears consistent with scrme of the experimental
results for the vestige structure, the spacing betweesn peaxks Joes not corres-
pond to the observed spacing between damage sites. These findings and oiler

possible explanatioas of the vestige structure are considered critically.

PACS numbers: 42.30.Fk, 42.60.Xg, 61.80-x, 79.20.Ds
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I. Introduction

One of the intriguing aspects of recent laser-induced damage studies
on wide gap transparent materials is the observation of distinct damage

vestiges along the beam axis in addition to the primary damage at the focai

spot. Such vestiges have been seen by Danileikol at 2.76p, by Smith at

1.06u2 and 0.532u3 and by Anthes and Bassa also at 0.532u. However the

observed damage morphology is not the same for all experiments. Using
pulses well above the critical power for self-focusing, Danileiko found
vestiges separated by roughly 50u and approximately 10y in length. This
contrasts with Smith's observations, using pulses below the critical power,
of 1lu vestiges separated by 10u. Furthermore, Smith found that the damage
sites were statistically spaced around the focal point. In contrast to this
Anthes found that all the vestiges occurred prior to the focus.

The avalanche ionization model of breakdown has been usedz’3 to

explain the statistical occurrence of these damage sites. Such an explanation

should contradict the findings of Anthes that all the vestiges occurred prior

to the focus. However Anthes also used a pulse well above the critical power.
As a result, his results would be consistent with Smith's interpretation pro-

vided the strong self-focusing present in his experiment selectively enhanced

the intensity prior to the focus and suppressed the formation of vestige sites
past the focus.

In contrast, Danileiko has recently suggested chat spherical aberrations
of the Gaussian pulse induced by the lens used to tightly focus the beam into
the test material could significantly modify the intensity of the pulse near
the focal point, actually shifting the focal point and adding a strong oscil-
latory modulation to the intensity expected for a diffraction limited, focused

Gaussian beam. These strong oscillations in the intensity along the axis




result In regions of enhanced intensity that could cause the vestiges. Pre-
viously, such an explanation was used5 to successfully explain the appearance
and characteristics of damage vestiges in breakdown studies of gases.

Danileiko did not give any details of his calculations of the effects
of spherical aberrations. Moreover, he restricted his attention to pulses at
2.76u and 10.61. We have performed detailed calculations to extend his
results to other wavelengths of interest. In addition we have investigated
the effects that variations of the focal length of the focusing lens, the
index of refraction of the damaged material, and the position of the lens
relative to the sample surface might have on the contributions of the aber~
rations. We are compelled to consider such variations to compare our results
with experimental findings obtained for a variety of situations.

In Section II we describe the calculation of the effect of spherical
aberrations on the propagation of a Gaussian pulse. In Section III the
results are presented and an approximate expression is derived which predicts
the spatial distribution of the regions of enhanced intensity. Finally, in
SectionIV we relate our results to the observed damage morphology and recon-

sider the other explanations given for the vestiges.

ITI. Theory

We use the paraxial approximation to cbtain a tractable wave equation
for the field E(;,t) which includes diffraction of the beam. Specifically,
we assume that the field can be written

E(r,t) = e(z, x,) exp(i(kz - wt)) . (1)

€ 1s a slowly varying envelope function, z 1is the position along the beam

axis and ;L is the position perpendicular to the axis. In the paraxial

b4

approximation we solve

29




€ 1 .2
i e + T VLE = 0, 2)

R

with k = un/c where n is the local index of refraction. The field can
be evaluated at any position using known values of the field in one plane

(z = z,) perpendicular to the beam axis;7 in our case, either at the lens
P

(zP = ZL) or at the sample surface (zP = zs)
> - k - 2 -+ > 2 >,
e(z,xL) 'E;Iz;:;;) J xl exp(ik(xl - xl) /2(z-zP))e(zP,xl) . 3)

We consider the typical experimental situation with the lens placed

at =z in free space and the sample surface situated at z_ (z_. > z.). To

L S S L
obtain a description of the field inside the sample (z > zs) we first use

Eq. (3) to find e(zg.X,),

k
o

Z X E Y
S*TL ZTri(zS zL)

J dle exp(iko(;l - ;l)2/2(zs - zL))E(zL.;l) (4)

with ko = w/c in free space. We assume that E 1is polarized perpendicular
to 2. This of course is not strictly correct. When the initially plane
polarized Gaussian beam is focused it obtains a small component of polariza-
tion along the beam axis. We ignore this small component. Since E 1is
polarized in the plane of the sample surface, E is continuous acrouss the

boundary. Consequently, the field inside the material can be found using

Eq. (3) where the known field is at the surface. Thus for z > z_,

s |
e(z,x,) = 5;;;%:;;; J d%x) exp(k] - X)%/2(z - 2))e(zg,x)) (5)

L ]
with k = nw/c where n 1is the index of refraction of the sample. Strictly,

the coantinuity of E across the surface implies that

+ + -
+0°, ;;) = expi(k, - Kz de(zg = 07, X))

e(z .

S
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where O is a positive infinitesimal. The presence of this constant phase
factor has no effect on any of the calculations and is ignored.

Using Eq. (3) to evaluate E(z,;l) we obtain

Kk 2 1420 R 22/
d x;d7x} exp(lk(xl—xl) (z-zs))

E(z,;l) =

2
(2mi) (z-zs)(zs—zL)
*' - -»!l 2 - -*"
x exp(iko(xl xl) /2(zS ZL))C(ZL’XL) . (6)
The integral over X' can be performed for z > zg to yield
x,) L 2/2¢ ))e(z, ,x!) (7
E(z,xL 2ﬂi(z-zL) X exp( e(x* - xl) z - z))e(z ,x)
with
nko(z - zL)
ke = n(z, -z, )+z-2z_"° 8
S L S
This expression for € has the same form as Eq. (3) except that k is
replaced by ke for z > zg-
Note that ke can be rewritten as
ke ko
= (9)
I 3 zZ -z
L
where
z = z/n-(1- n)zS/n . (10)

The only effect of the sample is to change the scale for 2z 1inside the sample.
The field for 2z > zg is the same ag that at 2z in free space provided that
2 and Z are related by Eq. (10). Solving for z we see that z = nz +
(1- n)zs. Thus the length scale spreads by a factor n inside the sample.
We are interested in the situation with a focusing lens present. If Ro is

the focal length of the lens, then the effective fo .. length R when the

sample is present is R& + ZL = n(Ro + ZL) + (1 - . Thus




S —

R8 = Ro + (n—l)(Ro + z

focus obtained using geometrical optics to describe refraction at the

L zs). The second term is just the shift in the
surface.

The spherical aberrations introduced by the passage of the beam
through the lens are contained in our choice of E(zL, ;L). Following Born

and Wolf8 we use

2 2
X x
- 1 1 4
E(ZL’XL) Eo exp (- zao) exP(-iko(Eﬁg + Bxl)) . (11)

} The first factor in Eq. (11) gives the initial Gaussian profile, the second
factor accounts.for the distortion of the wave front needed to focus the beam
a distance Ro from the lens and the last factor describes the spherical
aberrations. For B > 0 rays originmating off axis are focused more tightly
than those near the axis.

We are interested primarily in the intensity of the field on the beam

axig. In the paraxial approximation the intensity is given by7

~ 2 - - -> -
I o= 3 ale(a,x) % + g (X T (2% ) - e(2,3)V,ex(z,X )} . (12)

On axis the last term makes no contribution so

1(z) = cg zZU (12a)

where cg = c/n 1is the speed of light in the sample and U = nzle(z,§l)]2/8n
is the energy density.

Using Eqs. (7) and (11) to evaluate I(z) we obtain

2.2 2 2
-aneEo 2 2 ike 2 2 (xl + x2)
@) = — 3 ) iml g el y (- ) T
32n (z-zL) L < 2a
2.2
- 1 2 4 4
- 1ko(—_5§;—_ + B(xl - xz))] (13)
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-+ -+ -»> -+ -
Making a change of variables u = X, + X, and v = Xy = X, two of the inte-

grations can be performed, yielding

2.2
cnk E 0 p00 2 2
I(z) = —'—e—Q—ZJ j uvdudv exp (- xu_‘hzv_l)
32ﬂ(z-zL) o‘o aao
uvk z~2z
e L 2, 2
x Jo(Z(z—zL) a- Ré - Be(Z-ZL)(U +v7))) (14)

where J_ 1is a Bessel function, R = Rk /k and B = Bk /k . Letting
: a e o e o e o e
u » pcog® and v = psinB, the integral over 6 can be done, reducing the

expression for I to a single integral

2

2, 2 koP (z-z) 2
cnk E2 pexp (-p /Aao)Sin(A(z-zL) A = —F— - (2-z;)B_p"))
1(2) = 15 (zfzz) Jodp = e2 (15)
Q- _R—e— - (z-zL)Beo )

This integral, however, can not be done analytically. Consequentiy, careful
numerical evaluations of Eq. (15) to correctly account for the oscillating
factor and the pole were performed to determine 1I(z).

Equation (15) can be derived more directly when no sample is present
by using the diffractive ray tracing mecthod of Tapperc.7 Furthermore, Eq. (15)
is analogous to but not equal to the expression used by Evans and llorgan™ to
study the effect of spherical aberrations on beam propagation in free space.
We solve an approximate wave equation exactly. By using the Huygen~Fresnel-
Kirchhoff theory of diffraction, Evans and Morgan evaluate approximately an
exact integral. Thus it is not clear, a priori, which method gives a better
description of the wave propagation. We have not yet made any attempt to

compare the two methods. We have however tested the paraxial approximation




calculating corrections to I(z) that go beyond the paraxial approximation
by using the field given by Eq. (7). Such corrections change I[(z) by no
more than a percent and are negligible for our purposes.

All of the beam parameters except B are well known. However, although
some of the lenses used in the laser damage experiments are described as well
corrected, no explicit values for B are given. As a result, we have performed
calculations for a range of values for B. To obtain some feel for the magni-
tude of B, note that the ray trajectory for the field leaving the lens is
given by taking the gradient of the phase of the field. Using Eqs. (1) and
(11), we find that the phase is approximately koz - koxi/ZR° - koni. Thus
the ray direction is koi - ko(xL/Ro + éBxi)iL. The spread A along the
beam axis between rays originating on axis and rays originating a distance

ao from the axis at the lens is

N

ABaiR
(16)

o N[O

1 + 4Ba’R

o

R
For Smith's experiment at 1.06 4 the beam radius (at the l/e value) was

0.1 cmand R =1.27 co. Thus A 1is 6u if B = 0.01 cm™3

if B = 0.5 cm-3.

and is 320u

We can make two crude estimates of possible values of B for one of
the lenses used by Smith. First, Smith estimated the contribution made byv
spherical aberrations to the radius of his focal spot in the transverse
direction to be 2.6u. A simple argument using geometrical optics shows that
the ratio of transverse spread in spot size to the longitudinal spread due to
refraction at the sample surface is ao/ZRonz. For NaCl with a = 0.1 cm
and RO = 1,27 em this ratio is 1/60. 1If the ratio of transverse to longitu-
dinal spread in spot size due to spherical aberrations is in anyway comparable

then 4 = 160u. This implies a B of 0.25 cm-3.
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We can also use expressions given by Born and WOlf8 and Ireland9 to
evaluate B. If we assume that the lens used by Smith was a thin planoconvex
lens with a focal length of 1.27 cm then B is about 0.1 cm-3, comparable to
the previous estimate. We perform the calculations for B from 0.01 c:m_3 to
0.5 cm-3. For smaller values of B the spherical aberrations have little
effect except when a >> 0.1 cm. Moreover larger values of B are probably

too big to be reasonable.

III. Results
The results of our calculations for A = 1.06u and 0.53u, 0.0l c:m-3

<B<0.1 cm-3 and 0.1 cm < a < 0.3 cm are shown in Figs. 1-4. In each case
the focal length Ro was 1.27 cm corresponding to the focal length of the
lens used by Smith. All intensities are plotted using the same, arbitrary
scale proportional to Ez. In addition the results are shown only for propa-
gation through free space. Results for any other combination of focusing lens
and sample with n # 1.0 can be obtained from the present results by using

two scaling relations. If we write all distances 2z 1in terms of distances

Az from the geometrical focus in the sample, z = Az + z_ + Rg, and corres-

L

pondingly in free space, z = Az + z_ + Ro’ then Eq. (10) requires that

L

Az = Az/n . (17)

Thus for a sample with n # 1.0 the form of the intensity on the axis is
identical to that for propagation through free space provided that distances
from the focus are rescaled by n. Note further that, provided the distances
Az are measuredefrom the focal spot, the intensity distribution is indepen-
dent of the separation between lens and sample.

Furthermore, when n = 1.0 the expression for 1I(z) 1s
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2
k p
2 2, . 0 1 1 2
CkoE§ exp(-p"/4a )sin( " (z_zo - R - Bp™))
I(z) = — 3 rdo P i 1 2 : (18)
lﬁﬂ(z-zL) o (z-zL - E; - Bp“)

When the results for different focusing lenses with focal lengths Ro and

R; are compared, the intensity at z' in the system with the second lens
has the same form as the intensity at z if 1/(z-zL) - l/Ro = l/(z'-zL) -
llﬂg. For small displacements Az and Az’ from the corresponding focal
spots Az' = Az R;zlki and the primary effects of a change in R° are a
change in scale of 2z and a change in scale of I. Thus the results for all
R; and n can be obtained from one set of calculations for fixed Ro and
n=1.0.

Several general features appear when the spherical aberrations are
included. First the primary peak in intensity no longer occurs at the geo-
metrical focal spot, but instead occurs prior to it. Moreover, the main peak
is smaller when the aberrations are included than it is for the corresponding
Gaussian beam, indicating the extra transverse spread of the beam when the
aberrations are included. This decrease can be as much as two orders of
magnitude when the aberrations are large. When the spherical aberration is
sufficiently strong and the beam not too narrow, oscillations occur in the
on-axis intensity resulting from constructive and destructive interference.
We will consider these oscillations in intensity in Section IV as a possible
explanation for the multiple damage sites. The intensity is only shown prior
to the focus in the figures. Beyond that point there are no more oscillations

.
in intensity and the intensity approaches that for the diffraction limited
Gaussian beam without aberration.

Comparing Figs. 1-4 shows the effect of the beam radius a s wavelength

A and aberration B on the pulse propagation. First, as the beam becomes




broader, the spherical aberration (proportional to xi) becomes more impor-

tant. For small a the oscillations disappear and the main peak approaches
in magnitude the intensity of the Gaussian beam at the focus. For large ao
the main peak is much smaller relative to the Gaussian focal intensity while
the secondary peaks are much larger relative to the main peak. The absolute
magnitude of intensity increases for increasing a simply because a broader
beam is focused.

When A 1is varied the aberrations become more important for smaller
A. This 1is evident from Eq. (18). Decreasing A (increasing ko) is
equivalent to simultaneously decreasing Ro’ which compresses the oscillatioms,
and increasing B, which enhances the magnitude of the oscillations. Conse-
quently similar trends occur for decreasing A that occur for increasing a,
The main peak decreases relative to the peak of the Gaussian beam while the
side peaks become more important. Although the positions of the secondary
‘peaks are insensitive to changes in a» they are very sensitive to changes
in A. The pattern is compressed for small X. This also occurs for a
Gaussian pulse without aberration. Pulses for smaller A are much more
sharply focused because diffraction is less important.

When B 1is increased the pattern spreads out and the side peaks
become more important. This contrasts with the change that occurs when A
is increased and the pattern spread out but the side peaks become weaker. In
all cases, the trends observed for a and B at one wavelength occur at
all other wavelengths considered between 0.53u and 10.6u. However for very
long wavelengths (A 2 10.6u) the oscillations are only present for large beams
(a° 2 0.3 cm) or‘large aberrations (B 2 0.1 cm-3).
One can obtain an approximate relation for the position of the maxima

and minima in the intensity by considering Eq. (18). The position of these
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extrema are controlled by the zeros of the sine function in Eq. (18). The

zeros are given by the solutions of
2
v-~cv = nom 19
with v = k pz(R -z + 2z )4R (z -2.), c = (z - z )2R24B/(R -z + z )2k
o o L o L’ L’ "o o L” "o
and m an integer. The roots are

1/2
. l:@ - 4me)
v e . (20)

Roots are possible for all m < m such that 4ﬁcms <1¢< Anc(ms+l).
When Aﬂc(ms+1) = 1 another zero of the sine function occurs. For =z slightly

further from the focus (z - z., smaller) ¢ decreases and 4ﬂc(ms+l) <1. 1In

1/2

L
the region between the new zeros at v = (1 = (1 - 4nc(ms+l)) y/2c, the
sine takes on the opposite sign to adjacent regions. Thus if the sine is
negative between the two new zeros, a new negative contribution is made to

the integral of Eq. (18) and the intensity decreases. Conversely, if the sine

is positive between the two new zeros, then the integral will increase. Thus

we expect the extrema to occur for z, that solve 4mcm =1 (m > 0). These ﬁ

are given by

k

o .1/
zm zL + (lGan)

k
2ra s 2ty . (21)

16%BR m
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This is not an exact relation for the positions of the extrema because it does
not include the contribution made by the other factors in the integrand.
Equation (21) overestimates the distance between the geometrical focus and an
extremum, especizlly the distance of the main peak from the geometrical focus.
Equation (21) gives a much better description ot the positions of the secondary

peaks. Moreover, since the relative error made for each peak position is i

similar, Eg. (21) {s much more accurate at predicting the scparation between
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peaks. Note that z, is independent of a . Inspection of the figures con-
firms that the peak positions are insensitive to beam width. Ireland9 also
made a similar observation. Finally, Eq. (21) confirms the numerical calcu-

lations that show the peaks nearer to the focus to be farther apart.

IV. Conclusions
Although the contribution of spherical aberrations appears to be

important for an understanding of the damage morphology in gases, the results

for breakdown in bulk materials are inconclusive. Notice that the spacing
between peaks when A = 1.06¢ and B = 0.01 cm-3 (Fig. 1) is roughly 20u
pear the main peak. Moreover this separation must be scaled by the index of
refraction (n = 1.53 for NaCl). A separation of 30u is much larger than that
observed by Smith.2 Furthermore, the separation only gets larger for lérger B
(Figs. 2 and 3). Similarly the spacing in Fig. 4 for A = 0.53u 1s much
larger than that reported by Smith. The spacing observed by Danileiko at
'2.76u is much greater and thus more comparable to our results. However,
spherical aberrations are less important at 2.76u than at 1.06u or 0.53u sc
the better agreement is puzzling.

There are, however, several other interesting features about the
observed morphology. Anthes and Bass found no damage sites atfter the focal
spot. They attributed this to a suppression of the intensity in this region

due to self-focusing prior to the focal spot. However it is equally possible

that no damage sites occur after the focal spot because no oscillations in
intensity occur in this region. In addition, in several of the published
pictures of damage morphology presented by Smith,z’3 the separation between
sites increases in the direction of the beam propagation. This structure
corresponds to our results that the peaks are farther apart nearer the focus

provided all of the sites observed by Smith occurred prior to the focus. It

. . A
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would be difficult to reconcile such a structure with the random structure
predicted by the avalanche model.

Another problem that arises when spherical aberrations are considered
is the appearance of so many vestige sites for pulse powers just above
threshold. As the figures show, there is a rapid decrease in the magnitudes
of the peaks farther from the focus except when B or a, is large. However
Smith's results were obtained with narrow beams (ao = 0.11 *#0.01 cm). Thus
it is not clear how the secondary peaks can cause intrinsic damage if the
main peak is just above the threshold intensity.

Although the contribution of spherical aberrations to the damage
morphology is not yet compelling, we have not completed consideration of this
contribution when self-focusing is included. We expect the self-focusing to
selectively enhance the peaks in intensity, greatly magnifying the effect
of spherical aberrations. Even if B were chosen sufficiently small to obtain
the correct spacing between vestiges, the self-focusing might enhance the
secondary peaks sufficiently to cause damage at those sites as well as at the
primary peak. We have begun a study to include the self-focusing but no
results are available yet.

Several questions still remain. First, even for small aberrations,
the main peak is less than the corresponding peak of the Gaussian pulse without
aberrations. Such a suppression should affect the interpretation of damage
experiments but so far has been ignored. Thus, more careful determination of
the spherical aberrations present in experiments should be made and a more
accurate descriptions of the beam propagation used. Even in the simplest
case when B vani;hes the proper description of the beam propagation should be
used. Smith used a diffraction limited Gaussian beam with a diffraction

length koag determined from the width of the beam at the focus. That




diffraction length is much shorter than the one we use where a is the
radius of the beam at the lens. As a result, the Gaussian beam we use is
much sharper near the focus (this is primarily determined by how tight the
focus is rather than by the diffraction length) than the pulse used by Smith.
Consequently the good success he had in predicting the spatial range over
which vestiges could occur would not be possible if our diffraction limited
Gaussian pulse were used.

In summary, we find that the contribution of spherical aberrations to
be an incomplete explanation for the vestiges. It is unable with a small B
to simultaneously explain the observed small spacing between vestiges and the
occurrence of so many damage sites. However the spherical aberrations do
cause a systematic variation in site distribution which is evident in some
experimental results. It is still unclear how important spherical aberrations
are and whether self-focusing will enhance their contribution. Unfortunately,
‘the explanation of Smith is also unsatisfactory. Use of the overly broad
intensity distribution allows the avalanche model to predict the occurrence
of damage spots over a much wider spatial range than is justified. Much work
still needs to be done before a complete understanding of the damage morphology

is possible.
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Figure Captions
On axis intensity for propagation in free space when A = 1.06u and
B=0.01 cm-3. The region shown is prior to the focus zg. The solid

lines are for Gaussian beams without aberration (ao = 0.1 cm and 0.3 cm
for the lower and upper curves respectively, the maximum intensity when
a, = 0.3 cmis 1.7 x 104). The dashed curves include the aberrations

(a° = Q.1 cm, 0.2 cm and 0.3 cm respectively for the curves in order of
3

and when.ao = 0.3 cm is 2.3 x 103 and 1.1 x 103 for the first two peaks).

On axis intensity for propagation in free space when A = 1.06u and
B = 0.05 cm.3. The solid lines are for beams without aberration
(ao = 0.1 cm and 0.3 cm for the lower and upper curves respectively).

The dashed curves include the aberrations (a.0 = 0.1 cm, 0.2 cm, and 0.3 cm

respectively for the curves in order of increasing magnitude).

On axis intensity for propagation in free space when A = 1.06u and
B=0.1 cm-3. The solid lines are for beams without aberration (ao =
0.1 cm and 0.3 cm for the lower and upper curves respectively). The

dashed curves include the aberrations (ao = 0.1 cm, 0.12 ¢cm, 0.2 cm, and

0.3 cm respectively for the curves in order of increasing magnitude).

Un axis intensity for propagation in free space when A = 0.53u and
B=0.1 cm‘3. The solid curve is for a beam without aberration

(ao = 0.1 cmd. The dashed curves include the aberrations (ao = 0.1 cm
and 0.2 cm respectively for the lower and upper curves, the maximum
intensity when a = 0.2 cm is 600). The dotted curve includes aber-

rations when a, = 0.3 ca and is scaled by 10-1.
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Two-photon absorntion in Ge: Band effects

Garnett W, Brvant
Department of Physics. Washingten Ntate Unne=ity. Pullman, Washington 99164
(Receved 10 January 19&0)

Calculations are reported of the two-pheton absorntion in germanium using a Kane hand model. All
bands within 10 eV of the valence-bard edre are considered. The matnx elements are evajuated using k-p
theory to find the relevant wave tunctions. The sphencal model of “aidereschi and Lipari 15 used (o treat
the distinction between the licht-hole and heavy-aole bands properiv Detailed calculations are made to test
various approximations that simpiity the evaluation « f fnese comniicated nonhinear optical coetficients. For
Ge it is essential that the sput-oif band be inciuded 3s an intermediate state and that the nonparanolicuy of
the conduction band be treated correctly. The resuits of the most complete calculation are 1n good

agreement with experimental resuits.

1. INTRODUCTION

With the advent of high-intensity lasers, the
study of multiphoton transitions has become in-
creasingly more important. Because the selection
rules for single and multiphoton transitions are
different, each provides different information on a
material’s band structure. Multiphoton transitions
also provide another avenue for studying exciton
effects. Furthermore, the study of these proces-
ses aids in the understanding and description of
the propagation of intense electromagnetic fields
through nonlinear materials.

In this paper we present a theoretical studv of
the two-photon absorption in germanium. There
are two important reasons for studyving Ge. First,
the experimental results for Ge are not extensive
andthose that are available are not consistent. Zu-
bov et al.! measured the two-photon absorption
coefficient K, at 2.36 um and found it to be 1
cm/MW, Wenzel ¢t 2. found that A, was 2.5
cm/MW near 2.7 um. This result is inconsistent
with the more recent results of Gibson et 1..” for
the wavelencth rance from 2.65 to 3.0 .m. They
found that A, is less than 0.75 em MW throuchout
this region and is onlv 0,30 cta MW at 2.7 m.
Gibson et al. were nne of the first to eliminate tée
contribution made to the measured total absorn-
tion by those carriers cenerated in the two-phnton
absorption process. Consenuentiv, thev estracted
two-photon absorption coetnicients thit were inwer
than the previousiv measured total aosorption co-
efficients. Gibson ¢f «/. also reanalvied earlier
data'” for In3H using their more detaried inter-
pretation of the data. Their results were amun
several orders of mavmtude lower than the yre-
vious experimental and theoretical estimates.
However, more recent results ' suctest that Gib-
son’s results for [nsh are too 0w because the
conduction electron density o1 the Insn samnies
was sufficiently hizh {or electrons to fill the con-

duction-band states needed for the two-photon ab-
sorption. We expect this effect to be far less im-
portant in Ge with a band gap five times larger
than in InSb. Consequently the Gibson results
should be the most reliable available for Ge.

The second reason for considering Ge is that it
has not been studied theoretically as much as the
zinc-blende semiconductors.’*”'® Only Arifzhanov
and Ivchenko® have considered Ge in detail. They
provided a group-theoretical analysis of the ex-
pression for A, but gave no explicit results for K..
Ge has not been extensively studied for several
reasons. For other semiconductors one can otten
make the approxamation that the splittint 3 be-
tween the valence and split-off band edves is either
much greater or smaller than the energy gap E.
between conduction and valence bands. Such ap-
proximations greatlv simplifv the matrix elements
that must be calculated. However.in Ge A~ L.,
Furthermore, for the zinc-blende semiconductors
one can choose basis states so that the matrix ele-
ments involving states with wave vector K trans-
form simply when consideriny states with different
wave vectors. Due to the symmetry of the conduc-
tion basis states in Ge ithev have the svmmetry
T; rather than T')) thus is not possible. These two
complications make the eviluation of matrix elo-
ments and the summation over intermeaiate states
more ditficult to perform tHr Ge,

In Sce. I we nresent the caleulations of A We
consider onlv direct twa-phiaton trins:ions an te,

Near threshold a hole s ereated an tee Leav =hnje
thio or boht=hold (k) valence bands ana an electron
fitls a stiate 1n the lowest conductnn bana 1, For
hrcher photon enerres we s eonspler trat- it ans
whore a holean the sphit-oli s bhandas create i
Two-photon absorption 1s L two=sten proces s, We

thus consider all transitions where the interme-

arate state 1s one of the 1hve States or v stite n
i poat L chest eondeetin oana yce, e T
Toaese bands are shownan Furo 10 In cach case,

Do,
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FIG. 1. Band structure of Ge including light-hole
@h), heavy-hole (hh}, split-off (so), conduction (c), and
upper conduction (uc) bands. The solid curves give the
effective-mass approximation. The dashed cuives are
more realistic approximations for the lh and ¢ bands.

one step is allowed (does not vanish for states at
the center of the band) and the other is forbidden
(vanishes at the center of the band). There are no
allowed-allowed transitions i1n Ge. By including

dh AP A

TWO-PHOTON ABSORPTION IN Ge:

T= 3 (411’?‘/‘)2"’

ECW

{,(K‘)-avl&-)-i:w

We do not consider exciton effects''**4in this na-
per so the states 1n Eq. (1) reter to sincle-particle
band states with enermies « o), The sums are
over valence and condueaHon states mmvolved as
initial and final states ard over (vtermeuiate states
J. Since we have direct ¢.n)le LFNsILONS. ~ Ge-
notes the wave vector o tie <tates ¢, . and

i) tnvolved in the transizon, ¢ 1s the veam inten-
sity, € the dielectric function, and »: the tree-elec-
tron mass, The tvwwi-photon absorption coeificient
K, is given by

K= T/, 2)

We assume that the beam 15 randomlv polarized.
Thus our final results are averavred over all pos-
sible polarizations.

We use K5 perturbat:on theory to describe the
wave funct: rs o om0 e 0 T
sary because te i rorhn

<18 neres.

e e e e
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the bands menticned, we consider all nassible tran-
sitions 1involwvine intermediate states wittun 10 eV
of the valence edte. We use the spherical model
of Baldereschi and Lipari‘’ to describe the valence
states. This allows us to include their degeneracy
properly but not their anisotropy. For comparison
we also perform the calculations assuming that the
heavy- and licht-hole bands are desenerate and can
be described by a sincle effective mass. This per-
mits us to determine the conrtribution of the va-
lence-band structure to the results. Finally we
study the effect of goinz bevond the etfective-mass
approximation for the energv bands. This was
done recently for the zinc-blende semiconductors,*
and large increases in K, resulted when nonpara-
bolic bands were used.

In Sec. III we present the results. When all of
the contributions are included properly we obtain
results which are 25'; lower then Gibson's resuits.
In view of the uncertainties 1n the experimental
results and in some of the parameters used, this
agreement is quite satisfactory. Exciton effects
ignored in the simple-band model do not appear to
make as large a contribution as sucgested by Lee
and Fan for the zinc-blende semiconductors. We
present final conclusions in Sec, IV.

Il. THEORY

For light with a frequency w and polarization 7,
the two-photon transition rate is given 1n second-
order perturbation theory by

52w~ R) - (). (1)

f
transitions are described by the nrst-order cor-
rections to the wiave tunctions,

The hasts states

for the perturbation theory are thse at » .y, We
use the pasis set of Faweett,r The matsid ele-
ments of Eq. D and those necaed 1n the o+ 5 the e

ry are eviluated usin the experimentaily deter-
mined matnx elements 2 -don 0 e and
20,5622 0 The read ¢ and so bsds resiaan
doublv dewsenerate tor £ -0, We also treat the ac
bands as 1f they remuam decenerate since their
contribution to K. 1s simall. As g result, the chan-
ges in tre ¢, so, and uc wave functions for £« 0
can be found using standard first-order perturba-
tinn theorv., The enerties are miven n the etfec-
tIve-mass ADProamiton vy Second-orier pertura
bation theorv, Tou second order the ¢ and so banas
remain desenerate as they shoula but the ue vands

ASs mentioncd, ve rnere th ot o hy

mr..

R
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TABLE L Enerzv zaps £. and effective masses m., of
electron s:ates in the o peuctica () and unper conduction
(uc) bands and of koles in the neavv=hols thh), jimht-hnle
(b), and split-off tso) barnds. Fmrries are measured
relative to the valence-hand maximum and are in eV,

a so lh hh c ue
Ea 0.29  0.00 0.00  0.805 2.9
ma/m 009  0.042 0.33 0.04 0.64

we list the effective masses and energy gaps.

The degeneracy of the th and hh states is also
lifted for £ #0. This cannot be ignored as it was
for the uc band since the valence states are the
initial states of the absorption process. Conse-
quently, we apply second-order degenerate pertur-
bation theory to find the correct combinations of
valence basis states that lift the degeneracy for
each kK +0, When this is done the energy bands are
po longer spherically symmetric. This makes the
evaluation of Eq. (1) extremely complicated. To
simplify the calculation we use the spherical model
of Baldereschi and Lipari'® to find the valence
states. In this model the deseneracy of the valence
bands is accounted for, but the energies are no
longer anisotropic.

In the spherical model the effective Hamiltonian
of second-order degenerate perturbation theory is
written

H=-al’ -tE-J)?, a>-3¢>0 (&)

when terms which lead to the anistropy are ig-
nored. Jis the spin operator for a spin-! system.
The valence basis states iz,), ¢ =1 to 4, that lift the
degeneracy when, for example. Kk = k3 can be writ-
ten in terms of Fawcett's states. In this renresen-
tation J, is diagonal and the states (: =1,4) for ./,
=33 correspond to the heavv-hole states while the
J,=+} states are the hight-hole states. For kzk:,
H is diagonalized by a rutauion. If - is the ancle
between K and 7 and ¢ 1s lite aamuthal ancle. then
H is put in diaconal form [ /{7 4. by the ro-
tation operators (g =exnudS tana U, -exntzal)
which diazonalize the component of .f paratiel to K.
The new basis states ¢ ) which Lit the dewener-
acy for wave vectors in the direction i are given
by rotating the basis states for 2=2:

IUIL)S z; jeC_.U2),,, )

where j =1, 4 for the heavv-hole states and 1s 2 or
3 for the lLizht-hole states. Once the apnrovnate
choice of basis s:ates {or a particuiar aarection
of K has been mude, the vaience wave functions,
including the first-order correction which contri-

PR

v
>

butes to the momentum matrix elements, are given
bv standard K+D theory

LR G Sy (5)
3 —€3

where the sum is over the ¢, uc. and so basis
states. In this model the enercy is acain civen by
the effective-mass approxamation. The effective
masses are given in Table 1.

When we use the effective-miass enermes the
kinetic energy of the electron-hole pair created
by the two-photon absorptionis e =ik 2. |
where 1/u,,=1-m.+1 . and m, and m. are the ef-
iective masses of the conduction band and a par-
ticular valence band. We then cet the usual (¢ ,)!
for the density of electron-hole states. Since the
amplitude for the two-sten process 1s proportional
to &, the transition rate from a particular valence
band will depend on &°. The vulue of L is fixed by
energy conservation and cives a transition rate
proportional to {..,)*"*(2%w - £}, Because
{ueps) "% is four times larger than (. »)"', the hh
band should be much more important in the ab-
sorption process. Consequently, it is important
that we treat the distinction between the two va-
lence bands accurately.

We also consider the effect of using realistic
energy bands. The lower dashed curve of Fig, 1
actually gives a better description of the lh band,
as inspection of Fawcett’s results'’ shows. This
band does not intersect the so band ac the effec-
tive-mass approximation does and the apparent
effective mass is larcer. Consequently, the use
of the more realistic lh enercv band should in-
crease the contribution of the lh band to the tran-
sition rate. A study of Fawcett's results also
snows that the conduction band is nonparabohic.,
However, the modification he calculated does not
appear to be as larse for the ¢ banda as for the lh
band, Calculations will show, however. thot the
incluston of the nonparabolhicity 1 the conduction
band 1n the evaluauon of transitim riies s maore
crucial than a proper trevment of the b nand,

To chtain A seenfe analviie exnress;n toe
realistic lh band 1or use in these caiculations, we
assume that 1t has the form

KRN T W TR
"h“"“é‘u,:,,"["”")':‘(?:;T.[) J -ALLi6)
The factor Af(Am.) was determined by reauirine
that Eq. (6) cive the same v correction as ohtained
from fourth-order perturbation thearv, The other
constraunt apphoed to doternnme Al and Lh wag
that the new bana have the ~ame Slooe at Jare b

as the thband. Thus 1 <1 a0 . 1w T'lyg
construnt s arbitrary but aninseection ol the
band; caleulated by Farveors oo thyr ooy o
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sonable. We find that AE =0.2337 eV and Am,,
=0.0481». The results are civen as the Inwer
dashed curve of Fig, 1.

We have not attempted to determine an aralvtic
expression for a realistic ¢ band that would be
valid over the entire range of 4 in Fiz, 1. Detailed
comparisons of calculated A, with Gibson’s results
are only possible for siw within 0.07 eV of the
threshold. Moreover, it is not clear wrat the ap-
propriate simple form should be. However, in the
energy range near threshold the following expres-
sion is valid:

€ (k) =%(mﬁ+ Amc(kao)‘) . (7

We use the effective mass of Table I for m_and
Fawcett’s value Am_.=-1.1x10" as an estimate
for the coefficient of the #' term. At large & Eq.
(7) is no longer valid because it overestimates the
increase in the effective mass and €. decreases
for increasing k. Even for (ka.)’ greater than 5
%104, the bending of the band shown in Fig. 1 is
probably too extreme. However, the comparisons
we make with the experimental values will test
electron states for (k2,)° only up to 4.5x10%. In
this range we expect Eq. (7) to be an adequate
estimate for the mass enhancement.

A comment should be made about the parame-
ters used. The room-temperature energy gaps*?
are used because the data of Gibson were taken at
room temperature. An average energy is used
for the uc band gap because we ignore the splitting
of the uc band. The effective masses do not ap-
pear to be temperature dependent. For example,
the effective mass of the conduction band is 0.04m
at both 1.5 K (Ref. 15) and 300 K.'* Averaces of
existing experimental masses!*!"'!® are used for
my, m,, my, and m,.. Unfortunately, the value of
P that we use is not consistent with m.=0.04m1f
we assume that the second-order nerturbation re-
sult for €, gives the correct effective mass

m 2Pin{ 2 1 )
LA LY . 8
m, 1+ e {\EC’EC.A ®)

This expression gives m.=0.034m if P=0.6309
i*/ma, and the room-temneriature eneray caps are
used. A value of /> =0.624 " - must be used to
give m_ =0.04m using Eq. 18). Tius value of P is
significantly lower than those found evpnerimental-
ly.'*!'7 We perform calculations with this new
value for P and for m. =u.034m to test the impor-
tance of the uncertainties in these parameters,
Actually evaluatineg the sums n ta, (1) s ex-
tremely cumbersome because a larze number of
terms are included when the wave tunctions are
found to first order 1n k-5 tueory. Althsuecn the
sum over conduct:on states in Eq. bj 15 casiiy

done because the s™n-up and snin-down states
maxe the same ennrrihietinn, tne sum over valence
states and the intermesitte-state sum are aificult
to perform. To nroceed, we pertorm the inter-
meriiate state sum Ior fixed ~ and :, When we in-
tezrate over all directions of K and averace over
77, only certain terms of the intermed;ate-state
sum make contributions. These terms are evalu-
ated numericaliv and their contribution to the tran-
sition rate determined. The sum over ris also
done numericallv. No anzlvtic exrression is given
for T because it would be verv lencthy and not
enlightening. Instead, the final results are given
in Figs. 2 and 3. There are several techniques
which make the evaluation of the sums easier.
These are discussed briefly in the Appendix,

Iil. RESULTS

All of the results presented in Figs. 2 and 3
were found by including the contributions of all
bands mentioned as intermediate states and by
making the proper distinction between 1h and hh
states. The solid curve of Fig, 2 was found by
using the effective-mass approximation for the
bands and by ignoring the * dependence of the en-
ergy denominators in Eq. (1), Similar calculations
were performed to test the importance of uc and
so bands as intermediate states. When the first
was ignored K, decreased by ten to twenty percent

=3
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FIG. 3. Compartson of the experimental results of
Giheon (Ref. 3) with the simple band-model predictions.
The solid curve is found considering all eifects except
the use of the realistic ¢ band. The dashed curve is
found using the realistic ¢ band. The error bars are
taken from Gibson’s work.

over the energy range shown in Fig. 2. However,
when both bands were ignored, A, dropped by a
factor of 2. Ignoring the so band is equivalent to
assuming that A» E_, fiw. Since A~ 3£, this ap-
proximation should not be valid in Ge, Although
ignoring the so band is a good approximation for
some zinc-blende semiconductors” it is a very
poor approximation for Ge.

Another calculation was made to determine the
importance of including the distinction between lh
and hh states. When they are assumed to rematn
degenerate, the calculation of K, is straightforward
because the same valence basis states can be used
for all directions of k. There 1s then no need to
use the spherical mndel to find new basis states
for each direction of K. When the lh and hh bands
are treated as decenerate we can repiace the « .-
factor in the transition rute by etner L. .l -y
or [Yum+ean); . Inthe first case the results are
6% less than the solid curve and in the second
case, 157 less. Thus. if we make a fortaitous
choice for an average ',° (1.e., we do not renlace
it with 137 or 435, then icnoring the distinction
between lh and hh bands does not crucially aitect
K,

In Fig. 2 we show the effect of including the &
dependence in the eneruv denominitors (in the man-
ner discussed in the AppendiX) ind of usine tne
realistic enercy band tor the it holes. As ex-
pected, these contributivns are vnly imporiant away
from the threshold. In ti.e enerzy ranze consid-

cred, the ~rrect, os are onto dteen percent, In-
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cluding the & dependence of the denominators low-
ers the results. Usint a more reanstic lh huand
increases the contribution of the 1h band hecause
the lh density of states ana the #an the matrix ele-
ment increase. The eifects of incluaing the « Jde-
pendence of the denonmiinators and using the realus-
tic lh band compete avainst each other. A culcula-
tion whicn includes both differs little from one
which includes reither in the ener:v ranze up to
0.2 eV above threshold. Also shownin Fiu. 215
the absorption coetticient for transitions starting
from the so band. The shape 15 simtlar to that

of the other absorption coetficients. The transition
rate is lower because the density of so states 1s
lower than that of hh states. The 1ncrease in en-
ergy gap also decreases the transition rate.

Different values of /> and m,. were used to test
their effect on K.. Specifically, one calculatuon
was made with m_ reduced to 0.034m and another
with P=0.624 #°,'m~.. In these calculations the &
dependence of the energy denominators was in-
cluded and the realistic lh baund was used. The
new values of P and m_ are too low to be reliable;
but, as mentioned, they are needed if Eq. (8) is to
give an m_ consistent with the P used. Since the
absorption coefficient scales very rouchly as P~
and as m¥’?, K, decreases when the new parame-
ters are used. In fact, it decreases by 35 for the
new value of P and by 20 . for the new vilue of
m.. However, the uncertainty in K, should not be
as large as this suggests since the actual uncer-
tainty in P and m, should be much less.

A comparison between the experimental results
of Gibson® and the calculation that includes the
realistic 1h band, the # dependence of the denomi-
nators, standard parameters, and the distinction
between lh and hh hands is shown in Fir, 3. Our
comparison is limited because no data are avail-
abie ror ; » more than 0,07 eV from the threstold.
Obviously, even when the uncertainty in the gata
is considered, the predictions are ©99 low by a
factor of about 2, The atreement 1s 1dequate rear
thresnold but cets worse 000 eV bevand the tnreg-
nold.  The more rapid rise bevond €05 oV s not
preaictea by the calcuiation usier the simole
band, However, when the nonparanei.c eonuction
band is used, a larce enluncement of tne cafeul.ted
absorantion occurs. In view of the uncertamty on
the experimental results, the parameters used and
the approxamations mace, thic asreement between
this calculation and the experimental resuitsas
qute satistactory, Most importantly, the more
rapid ri1se in AL at fuoter eneries 1s erndent,

This veeurs because the ammarent cliective n1ss
of the ¢ band 1rcreases sorinereasine #, itas ef-
tect of the nonparabolicitv of the  bund 15 cs-
soerally imiparnant tor oy =P h ot ans o wreh
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scales routhly as the * nower of the arparent ef-

fective conauction mass rather than as the | power
as in sinzle-photon absorption, Consenuently, the
two-photon absorption should more readily reveal
the contribution of the nonparabolicity. This is ap-
parent from Fig. 3. Because we do not determine
a realistic ¢ band valid for large %, we do not de-
termine the shape or m- 'mitude of the absorption
coefficient at larce enercies,

Zubov' measured KA. at 2.36 um to be 1.0 em 'MW,
At this energy (0.518 eV) we predict A, to be only
0.4 cm,/ MW when we use the effective-mass an-
proximation. However, Zubov obtained the experi-
mental value without correcting for the generated
carrier absorption. As Gibson has shown, this
leads to X, values which are too larce. Moreover,
use of the nonparabolic ¢ band can increase the
calculated absorption coefficient by more than a
factor of 2 for /iw greater than 0.05 eV {rom thres-
hold. Thus the simple band model should be con-
sistent with Zubov’s result provided that realistic
bands are used.

We should note that no attempt has been made to
include higher-order corrections to the matrix
elements, even though it is apparent that higher-
order corrections to the effective masses are sig-
nificant. Unfortunately too many terms would have
to be evaluated to make inclusion of these higher-
order corrections feasible,

IV. CONCLUSIONS

We have presented a simple band-mode! calcula-
tion of the two-photon absorption in Ge. The cal-
culation treats the degeneracy of the valence bands
correctly and includes all allowed transitions in-
volving states within 10 eV of the valence ecce.

In addition, the & dependence cof the enerzv denomi-~
nators is treated approximately but adequately
and realistic energv bands for ¢ and lh states are
used. Wten all of these contributions are in-
cluded, the azreement netween our results and
Gibson’s results 1s coou. The two etfects which
must be included to obtain relianle resuits are the

* use of the realistic « enersv band and tre use of
the so bard as an intermediate state, The other
approximations, 1znoring the # acnendence of the
denominators. iTnoring the distinction between lh
and hh bards and ignoring the uc band, are ail
more reasonable.

Several effects have nut been considered in the
simple band model. No attempt has veen made to
include exciton etfects as done ov Lee and Fan,
The good azreement thut 'we <ot with G:vsen’s re-
sults suczests that this cilect should be smull.

Lee and Fan iind a lar e enbancement 1or some
zinc-ble: @ SUimIC LTS W eXCLlun Elledcts
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are considered. For example, the exciton effects
increase the absorntion in ZnTe by a factor of 10
and in (GaAs bv a factor of 2, In these materials
the lowest exciton has a binding enercyv ot 10 and
4.4 meV, respectivelv, while in Ge 1t has an energy
of only 1.6 meV.!” For this reason we would fur-
ther expect exciton eifects to be less important

in Ge.

The cffect on the band states of the intense fields
needed to measure two-photon absorption has been
icnored. Keldysh'® nricinally studied the effect of
an intense field on electronic transitions. When
this theory was applied to two-photon transitions.™
the results were tvpically a factor of 10 lower
than measured values and were lower than those
calculated with the band model of Basov. Thus it
would appear that inclusion of the Keldysh eifect
would lower our results and worsen the acreement.
Although the simple band mode} appears to be ade-
quate for Ge, the importance of exciton and high-
field effects cannot be ruled out. These effects
require further consideration.
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APPENDIX
We must consider the following operator

= = iR
Mv:z n-piNTIND

. Al
7€ (k) —€ (k) -iw (A1)
To determine T, we calculate

}:\'C:.\!,.,.‘ RISIRY AT I (A2)

v

We evaluate V) for two simphfied cases. Inthe
first case we ionore the © dependence ot the ener-
TV aenoninators, usins only (he enersy Tans o
evaluate ¢, v) =, L

Intihus case W7 s the same
for th and bh stares, JMorenaver,in the interme-
arte-state sum. the sum over lh ana hh can be
done by irnormns tiie istinction between i ana hh
states when the aenominiator 5s the <ame tur hath,
The same vaience bisis states can then be used
for each wave vector,

We also evaluate V/ with the @ dependence of the
dencannator incluacd, o this case o oana Lare
ilerent, Howeveroan the sumoever S the sum
over lh and bh can onlv be done simoplvat the dif-
forence 1o the two bands s ~tull tonored, Thos

W e e the Dol T arnrosanaty e
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1 1
"(e,,(k)-e,(k)-rw +eu(k)—ev(k)-ﬁw>'
(A3)
The results for X, found using Eq. (A3) do not dif-
fer greatly from those found when the » depen-
dence is ignored altogether. Thus we expect Eq.
(A3) to give an adequate approximation for the £
dependence.
There are several ways to make the evaluation
of Eq. (A2) easier. First note that

Ylelmlol- Y Kennol= 3 Kelat, ol
g

€L, hh en
v€E v (A4)

As argued before, when we sum over all th and

hh states and the operator is the same for both, we
can ignore the difference in lh and hh states and
use the simpler valence basis states., Thus the
first term in Eq. (A4) is easier to evaluate. In

the second sum we must use the lh states found
using the basis states given by Eqgs. (4) and (5).
However, this sum is easier to perform than the
original one over hh states. To see this we need
to consider the following.

BRYANT 22

with ¢ =cos(:?‘2) and < =sin{~ 2). The basis set is

1 ) (0) 0
0 1 of 0
{e,) = y les) = , iUy = TAE )
0 0 1 0
0 0 0 1
.
(A6)

where hh basis states for K =2 are :¢,) and |z,)
while j¢,) and |»;) are the corresponding lh states.
At other K, the 1h basis states are given by Eq. \4)
withj=2,3.

The wave function is given to first order in % by
Eq. (5). This can be written as

v,K) = BR)|v;%) (A7)
with
B(E) =1+ 2 '3)(3 ihE'ﬁ/?n
8 —€3 )

The sum over lh can now be written as

= Iv,l?)(v,EI=B(E)( 2 b, ) B,

The matrix operators U, and U, take the follow- $=2.3 4723
ing form?*: (AB)
PLELTC I 0 0
o But
i9/2
Uy= 0 e 0 0 ,
-id/2 . s
0 0 et 0 E v, B)(v, &l
) 0 0 et I3
AS .
_ ) - L 1BU_AULe), (Wels)lual -
c vicis v3cs? s’ JEa3AL23
Un= V3 s c(1-357) =s(1=3¢ v3cs (A9)
e- . ’
V3est sl1=3c) cll- 3f.) v3es Ti.e product of the rotation operators can be
-s? vics® -3¢ ¢ sumplified in the following way:
J
r HES -(:)""‘:k_ie, ')3 i 0 ]
0000 “ - '
(b k, K+k_k 0 ey
0100 P | ¢ ¢ Ra TRt 2
U.oU_p U,,L\=7;.~ =AA", {A10)
oo re =Te G kb (90,
000090 !
-y e ]
. o () %k k,  ik_k, J
where
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[0 (2% 0 0 These states give the same sum over lh states
and yet are simpler to work with, A has a sumnler
1 _1 a2 -k, -k_/NZ 0 form than U_. or {_, and some of the elements 1n
B (A1) A vanish. Moreover, the elements of .1 are written

0 -&,/¥2 k, 0
o o0 V3%, 0

and k, =(k xik)/V7.
The operator A defines new basis states for the
1h band

jo,0)= 2 v)A,, forj=2,3. (A12)

in terms of &, and %#,. When Ea. (A2) is interrated
over all directions of K only terms with even pow-
ers of k, and matchins powers of #_and £. will
contribute. The use of Eq. {A11) makes it easier
to idencify those terms in Eq. (A2) that must be
evaluated.
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I. Introduction

Laser damage and laser annealing in semiconductors have recently
lent a great deal of motivation to fundamental studies of the inter-
action of laser pulses with semiconductors such as Ge, Si, GaAs, etc. .
In addition to the understanding of free carrier kinetics and the inter-
play between heated carriers and the lattice background an analysis of
the dynamic laser self-action has now become mandatory if a comprehensive
insight into the intricate laser pulse - semiconductor processes is to
be gained.

Laser self-action can best be described by recalling that the dielec-
tric function , and in turn the refractive index, for each material is
strongly dependent on the carrier distribution. Thus a change in this
distribution due to the presence of an external photon field, due to
changes in temperature or due to other influences will effectively change
the geometrical optical properties of the material. Frequency shifts,
self-focusing, self-defocusing and changes in shape of laser pulses and
possibly the whole phenomenon of laser damage in semiconductors mayv all
lend themselves to explanations in terms of such dynamic refractive index
changes. We present here a status report on an effort aimed at simulating
such spatio-temporal changes in Ge which is exposed to 2.7 um nicosecond
laser pulses. We will limit our discussion to temporal aspects oniv and
will describe the entire séatial dvnamics elsewhere. However, we will be
able to address and answer an important question which has recently been
raised. That is, Ge has been claimed to possess unusually high damage
thresholds at 2.7 um and 10.6 pym. We will comment on the possible cause

for this effect.
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II. Damage Criteriun

From the outset we assume an idealized crvstal. We disregard therefore
any possible contribution to damage by inclusions or by other defects. We
concentrate instead on heating of the phonon system which comprises an
Einstein-type optical phonon svstem and a Debye-tvpe acoustical phonon
system. The two svstems are coupled to each other and independently linked
to the carrier systems, i.e. the photoexcited free carriers and holes. Each
phonon system contributes to the temperature dependent mean square displace-
ments of lattice constituents, <u2>op(T) and <u2>ac(T) respectively.

If these two mean square displacements taken together become excessive (i.e.
larger than the displacement sum at equilibrium melting temperature Tm)
<u2>ac(Tac) + <u2>op(Top) > <u2>ac(Tm) + <u2>op(Tm)
permanent lattice modifications are expected and damage is assumed to occur.
Qur purpose is,therefore,to perform calculations which permit monitoring
of the temperatures in the two phonon systems during the passage of a laser
pulse. Note that,according to our criterium the required damage temperature
has to exceed 5600°K in the optical phonon system alene if for some reason
the acoustical phonon system should prove unable to significantlv warm up
during the pulse length of a picosecond pulse. Note also that the damazing
temperature ’I‘op calculated under these circumstances is still an approxima-
tion which will require further refinement. For example, we presentlv eval-
uate mean square displacements without accounting for anharmonic effects.

In order to calculate the phonon system temperatures and their change

during the historv of a laser pulse detailed information about electron-

electron, electron-phonon and hole-phonon interactions in e . roguired.

— 4




In the next section we will briefly review in form of a block diagram how

the energy absorbed from the laser field ultimately ends up in the optical
and acoustical phonon systems. We will thereby specifyv some details of

the different interactions.
III. Energy Transport

Photo-excitation in Ge at 2.7y leads to the formation of electron-
hole pairs via direct two photon interband absorption. The transition rates
for this process were evaluated in the recent work by Bryant(l). The
dynamics of photoexcited electrons and holes in Ge has been studied in
congiderable detail by Elci, Scully, Smirl and Matter(z). Qur present model
uses their results modified to take account of the two separate phonon sys-

(3)

tems and disregards Auger recombination for the time being. However, as
our results will show, this simplification is no longer justified since
appreziable heating at 2.7y requires very high local free carrier concentra-
tions, a condition under which Auger recombination is most effective. The
next phase of program development will therefore include this effect as well.
A further refinement, which is alreadv part of the model, accounts without
averaging for all the conduction band valleys and allows for single-photon
hole transitions between different valence bands when the light and heavv
hole bands are hignlv depleted.

In our block diagram (Fig. 1) the sources of energy gain from the laser
field are listed on top. In addition to two-photon absorntion we consider
free carrier absorption (FCA) and free hole absorption (FHA), which are both
single photon absorption processes involving phonons for momentum conservation,

and hole transitions to the split-off band. The last process does, of course,

not generate any new holes but increases their energv instead.

-




The respective interband transitions are shown in Fig. 2. Excited
carriers in the central conduction band vallev are assumed to rapidly
scatter into the side valleys (via electron-phonon scattering) where they
therwalize into a quasi-Fermi distribution of temperature Te . Note that
scattering into the side vallevs removes electrons from states which are
the final states of the two-photon absorption process across the band gap
and that the build-up of carriers in the side valleys thus regulates
availability of those states and therefore the transition rate. Proper
accounting of the availzbility of states demands as realistic a description
of the bands as possible. Similarly, the light and heavy hole valence
bands have to be treated as non-degenerate if hole transitions into the
split-off band are to be treated correctly.

Phonon emission and absorption leads to carrier cooling by intravalley
relaxation. Since the optical phonons have a stronger coupling to the

(3)

heated carriers » this relaxation will bring about a slightly faster
temperature rise in the optical phonon subsystem than in the acoustical

one. Subsequently optical phonons decay into acoustical phonons with a
characteristic, temperature independent time constant T(A). The tempera-
ture rise in the two systems is monitored in order to detect damaee according

to Section 2.

The two temperature rises are given by

dT du aT N (T ) - N (T )
op _ 2 oD _ (9P op " op op_ac
dt c dt IN T
v op
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where optical and acoustical phonons have each been assigned half the con-
tribution to the total specific heat <, and where t is the optical ohonon
decay lifetime, Nop(T) the optical phonon number at temperature T and of
uniform energy hQO , and du/dt the respective rate of change in energy
density due to energy transfer during free carrier absorption and intravalley
relaxation. These energy transfer rates depend on the carrier and hole
density and respective energy distributions and therefore on the temperature
of the electron and hole system. We will refrain from presenting the per-
tinent expressions here since they are rather involved and will be published
when we have arrived at a comprehensive picture of the laser-semiconductor
interaction. It suffice to say that the numerical procedure of modeling the
temporal aspects of this interaction involves solving a set of five coupled
differential equations each of which contains integrations over the carrier

distributions in each valley and each valence band.
Iv. Results

We have tested the damaging properties of several 2.7y laser pulses
in the picosecond regime. Pulse lengths of 5, 10, and 20 psec were chosen
at peak fluxes of 1028, 1029 and 1030 nhotons per cm2 and sec, respectivelv.
For reasons of operational simplicity the Gaussian temporal waveform of each
pulse was truncated at the l/c3 peak intensity points. Initial conditions
for the carrier chemical potential and carrier temperature were determined
by long hand and the dependence of the final results on the precise choice
of these initial conditions was tested.

We present in Fig. 3} and 4 the free electron density Ne and free

"
carrier energy density £ per unit volume as both evolve during a 10“8

2 . . . .
photons/cm” sec peak flux, 20 psec pulse. Without an effective drain on the

o
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carriers, such as Auger reccecbination, one finds, as cupected, a ranid in-
crease in the carrier densitv in the earlv nart of the pulse without anv
significant reduction in the later part. A minute reduction which is noti-
cable only numerically and not on the grapn of Fig. 3 accounts for two-
photon stimulated emission which is included in our two-photon transition
probability. The energy density £ of the free carriers and holes shown
in Fig. 4 exhibits similar behaviour in the first half of the pulse. Along
the trailing edge of the pulse the energy density diminishes first on
account of the two phomon systems and stabilizes seemingly towards the end
of the pulse. This effect is a model artefact and can be explained in con-
I junction with Fig. 5. There the systems' temperatures are plotted for the
free carrier and optical phonon systems as a function of time. The free

carriers heat in accordance with the instantaneous availability of photons

and of final states for transitions. The electron temperature follows
therefore a modified Gaussian as one would expect for a temporal Gaussian
intensity distribution in the laser pulse. However, since the temperature
rise is accompanied by additional free carrier generation while the electron
temperature decline is lacking a corresponding recombination process across
the band gap, the available conduction band states rapidly fill up during
carrier cooling, in the later part of the pulse, thus keeping enerzv in the
electron system which otherwise could be transfered in electron-~phonon pro-
cesses. This also explains why the optical phonon temperature rise proceeds

at a less rapid rate in the late part of the pulse than earlier.

23 2 -
We also note that a 10 phot/cm™ sec peak flux, 20 psec pulse raises

the optical phonon temperature merely to 552 °K. Contrary to some earlier

(3)

expectations however, the acoustical phonon temperature rise does not

lag behind the optical one and the two svstems' temperatures asree to within

A - _




less than 1% over the whole pulse length. The optical phonon temperature
does therefore not have to rise to 5600 °K in order for the damacing phase
transition to take place.

It is tempting to compare these results with earlier work done at
1.06 um(z). While we find qualitatively plausible agreement comparison of
numbers becomes difficult in light of the different experimental conditions
chosen in each model. The work of Reference 2 rests on the assumption of
a square pulse, for instance, while the present work assumes a Gaussian
temporal profile. Since the dynamic processes are nonlinear no simple
scaling relation between the pulse shapes can be established. Our model
calculations do, however, confirm that ideal Ge requires very high fluxes
even at 2.7 ym for damage to occur. The flux regime of 1029 photons/cm2 sec
at which we predict damage to occur borders on fluxes which in much wider
band gap materials, at larger photon energies and under phvsical processes
quite different from the ones considered here also produce damage. These
processes have been identified to be highly nonlinear and are thus requiring
very high fluxes to come about. In contrast, free carrier generation at
2,7 ym in Ge 1is only a two-photon process and damage due to these carriers
was intuitively expected to ensue at much lower fluxes. Our calculations
show that for ideal Ge such expectations are unjustified.

In the next phase of our calculations several additional physical
phenomena will be included into the model. Among them are Auver recombina-

(5
5) as well as the

tion of free carriers and band gap narrowing effects
dynamic dielectric constant which will allow a comprehensive spatio-temporal
modeling of beam propagation.

This work was supported by AFOSR through Contract #F 49620-78-C-0095.
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1.

3.

4.

5.

Figure Captiocns

Block diagram illustrating the energy transfer in highly photo-
excited Ge from the 2.7 um photon field to the damage event.

Band structure in germanium representing the excitation processes.
Electron density Ne cm_3 as a function of time normalized to the
pulse length to for a peak flux of 1028 photons/cm2 sec.
Variation of free carrier and hole energy density £ with time
nomalized to pulse length t, for a peak flux of 108 photons/
cn? sec. |

Variation of electron system temperature Te (left vertical scale)
and optical phonon temperature Top (right vertical scale) with

time normalized to pulse length to for same pulse as in Fig. 4.
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VII. Planned Publications

1. G. Bryant and others: Presentation at APS Meeting, Phoenix, Arizona,
March 1981 (Ge response to 0.45 eV photons).

2. G. Bryant and others: Ge response to 0.45 eV photons, Phys. Rev. B.

3. P. Braunlich and others: Primary defect effects on laser damage com-
putations for NaCl, IEEE (QE) Special Issue on Laser Material Interactions,
September 1981.

4. G. Bryant, A. Schmid and others: Formulation of a damage criterium
and band gap narrowing in Ge.

5. P. Kelly, G. Bryant and others: Calculation of spatial effects of Ge

response to 0.45 eV photons.
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IX. 1Interactions (Coupling Activities)

Invited paper on AFOSR sponsored work, Boulder Svmposium on digh Power
laser Optical Materials (given by P. Kelly, October 1979).

Three paper: on AFOSR sponsored work presented at Boulder Svmposium

on High Power Laser Optical Materials (given by P. Braunlich and A.
Schmid, October 1980)

Participation of Dr. A. Schmid in DOE Workshop on High Power Laser
Materials, Aug. 2-6, 1979; presentation on WSU program for the study

of the interactions of intense laser light with transparent solids.
Participation of Dr. A. Schmid in National Laser Users Facility Workshop,
Bov. 29-30, 1979, University of Rochester.

Presentation of two papers on AFOSR sponsored work at APS Meeting, N.Y.
{given by GC. Bryant, March 1979).

Seminars on Interactions of Intense Laser Radiation with Transparent
Solids at:

University of Tubingen, Germany (October 1979)

Cniversity of Reims, France (January 1980)

Pniversity of Montpellier, France (February 1980)

University of Idahe (aApril 1980)

tniversity of Washington (Mav 1980)

(Presented by P. Braunlich)
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ATTACHMENT A

Computer Code "PULSE"

PULSE 1s a two-dimensional photon-particle simulation code based
on RAMSES.( ;) We have adapted and modified RAMSES to make it suitable for
the calculation of the complete spatio-temporal photon-flux distribution
as well as that of the photon-induced material modifications which are
encountered when a short intense laser pulse propagates through a nomi-
nally transparent medium. PULSE 1s designed to simulate the propagation
for any conceivable initial laser intensity profile, beam shape (e.g. focused,
parallel or defocused), material distribution (e.g. uniform or layered such
as refractive index interfaces, clad optical fibers and coatings on sub-
strates, etc.) and physical mechanism of photon-induced material modifica-
tions (e.g. photon-induced changes in the dielectric response function, etc.)

To test the developed code we have sn far concentrated on the simu-
lation of an intense frequency-doubled 21 psec pulse from a Nd-glass laser.
This pulse is focused through a plane interface into single crystalline
NaCl with the aid of a plano-convex lens of 1" focal length. The location
of the geometrical focal point is chosen to be 0.2 cm behind the interface
inside the crystal (Fig. 1). This configuration is the one used bv Smith

( 2)1n their studies of the damage threshold in alkali halides at that

et al.
wavelength.

In the following we will use this particular example to describe

the features of PULSE.

In the model of the pulse, energy 1s carried by a finite number of
macroscopic photons whose trajectories through the medium are the object of
the calculations to date. A clipped gaussian profile is attributed to the
pulse and both the nulse ard the medium are considered rotationally summetric

so that energv varies in two dimensions onlv. A variation in the direction

A



of propagation corresponds to a time variation and a variation perpendicular

to propagation describes the radial properties of the pulse.

In these present calculations the interaction between the photon
pulse and the medium involves multiphoton generation of free carriers, nc,
which in turn effects the refractive index n. In addition, a self-focusing
term nZEZ is added to n, where E is the rms optical field strength. Local
variations of nc, n, and E are calculated as functions of time and the spa-
tial coordinate t . The aim of this simulation is to study beam
deformation of a focused beam having a clipped Gaussian flux profile.

Initially the photons are distributed uniformly within the pulse
length and beam width. They are directed to the focal point and then
repositioned to take into account refraction at the plane surface of the
interface between vacuum and NaCl (n° = 1.53). The clipped Gaussian

profile 1is represented as follows: the intensity per cell "k,j" given by

Here c¢ is vacuum velocity of light, E the total energy content, hx' hV the
cell size, R the radial scale factor and 2x the pulse length. & is a free
parameter used for clipping the Gaussian (1.5 used to date).

For NaCl the local refractive index is obtained from our previous

work,cz, assuming optical phonon scattering:

n(r) = n (D) [1+.5 + 5_2.5;“_)
nl(r)
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F(E) is flux in cm Zsec !

§ = 1.737 x 10737 (fw)
- > > }i
nl(r) = {0.5 x [el(r) + f(r)]}
a2 2,2 %
£(r) = {el(r) + ez(r)}
e (@ =0’ - s g
1 no sws
ez('r') = szoswg(;)
- &o 3/2
€59 § (‘th/hm)
hw = 2.33 eV (photon energy),
hw, = .03 eV (phonon energy),

22

Nvo = 2.24 x 10 cxn_3 (density of valence electrons)

s

N x 1.839 x 10721/ (hw)?
w vo

and g(;) is the ionization fraction nc/Nvo.
Gradients in nc(;,t) cause gradients in n(;,t) which lead to refrac-

tion. The photons change directions according to

-> >
where T, are vectors normal to T, the particle directions.
"since the local velocity of light vg in the medium depends on

the refractive index, the group velocity straggling factor £ can be tomputed:
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B(T) = vgc?)/c

2 - - 7 >
no - el(r) Ls [el(r) -4 ezoaz(r)]
20, (¥) £(r)

= n(r) +

The multiphoton ionization rate is given by

R(Y) = 64(1(;)/ﬁw)6

- (5,;FGn*

2

(S4 = 1.951 x 10 8 for F in previous units). Then the ionized fraction

g 1s computed from
g=(1-2gR 2)

so that n.=38" Nvo .

The photon motion is numerically described on a rectangular grid
either traveling with the pulse as in RAMSES or fixed around the focal volume.
The latter arrangement was used to produce the movie described in Section IV.

A step AS is specified in the input and is ~ 1/3 hx’ the cell size
in x, so that photons do not move more than a cell length in a time step Ait,

where

At = AS/c ceeseans . an arbitrary definition.

Details of the spatio-temporal resolution (time steps, cell size of the grid)
are given in Section IV as well.
Photon motion is based on a simple predictor-corrector scheme. First we

calculate the change {in particle position due to the gradient in refractive

; index:

wl




The variable, £, denotes the value of the variable at time step 2. The

new directions at time step (2+1) are found to be

2+1 RN 72 PR
T (t, + 4 !icx) D

241 L 241
+ A *D
T ('ty Ty)

%
Yy 2
ry) ]

<
]l

) L5 (2 L
1/[(tx+A 2rx) +(ry+A

We now include the velocity straggling factor. AT = ;g At so that

the updated particle positions become:

T
et a2 s

The power density in each cell is given by

ij = cE wjk/vjk




wjk = sum of all weights of the photons distributed to the cell jk by area

weighting using Eq.1 and ij

ionization fraction is worked out by integrating Eq.

is the 3-D volume of the cell. The

2+ =%

g e 12 -2 exp(-rban)

All our work to date consists of attempting to simulate the break-down
morphology (which we expect to be caused by beam deformation) observed by
Smith et al.(2 ) At the damage threshold a small number (< 4) micro-sites
are found in NaCl. This goal dictated the particular choice of the experi-
mental arrangement shown in Fig. 1.

In the early calculation it was established that a moving grid over
a pulse is not practical. In order to improve the spatio-temporal resolution
the code was modified to use a fixed rectangular grid. To save memory space,

a fixed double~triangular grid over the focal volume is presently being experi-
mented with. The resolution possible with this grid is expected to be close
to resolving spatial features in the order of a few microms.

Unlike RAMSES we now have separate routines for the group velocity
and refractive index. Therefore the shifting routine in RAMSES is eliminated
and the code is now no longer restricted to gases but is applicable to any
non-linear (or linear) pulse propagation problem where the interaction area
is smaller than or equal to the ; - t volume of the pulse. 1t is, further,

a simple matter to turn "on" or "off' the interaction between matter and

photons, which is equivalent to simulating classical (linear) optics.
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